Introduction {#S0001}
============

Mesenchymal stem cells (MSCs) are non-hematopoietic stromal cells. MSCs can differentiate into mesenchymal tissues (bones, cartilage, muscles, ligaments and fat) and provide their regeneration.[@CIT0001] MSCs represent in the bone marrow in an amount of 1 to 10,000 cells containing nuclei. Although these cells are not immortal, they are capable of multiple divisions in culture, while maintaining the potential for differentiation in different lines. MSCs are identified by expression of a variety of molecules, including CD 105, CD 73, and hematopoietic negativity markers CD 34, CD 45 so on. The properties of mesenchymal stem cells show them potentially ideal candidates for tissue engineering. It was concluded that with systemic use, MSCs can get into places of damage in animals, so MSCs can migrate. The mechanisms, responsible for stem cell migration are not known reliably. It is suggested that chemokine receptors and stem cell adhesion molecules provide such potential for MSCs.

It was well documented in the literature that MSCs come from perivascular cells called pericytes.[@CIT0002],[@CIT0003] This explains how MSCs can be isolated from almost all vascularized tissues in the body.[@CIT0004],[@CIT0005] When blood vessels are damaged or inflamed, pericytes separate from the basement of the vessel and become MSCs. These newly formed MSCs respond to the local environment by secretion of cytokines.

The presence of non-hematopoietic stem cells in the bone marrow was first suggested by Kongheim about 130 years ago. He had thought that the bone marrow could be the source of fibroblasts involved in wound healing in numerous peripheral tissues.[@CIT0006] Evidence that the bone marrow contains cells that can differentiate into other mesenchymal cells is now publicly available, starting with the work of Friedenstein and colleagues.[@CIT0007] They showed that the bone marrow of rodents had fibroblast-like cells with a clonogenic potential in vitro. In the early 70s, Friedenstein placed the bone marrow in plastic Petri dishes and, after several hours of incubation, washed off cells that did not adhere. Cells adhered to plastic had a fusiform shape and were various, but capable of forming colonies. These cells could also grow bone and restore the hematopoietic microenvironment in subcutaneous grafts. Moreover, the ability of these cells to regenerate heterotopic bone tissue in a series of transplants has been demonstrated, thus providing evidence in support of MSCs self-renewing potential. Over the years, many laboratories have approved and expanded knowledge about the regenerative abilities of MSCs. It was shown that cells, isolated with the Friedenstein protocol, were present in the human bone marrow as well. It was also described that these cells could be differentiated into many cells of mesenchymal lines in vitro, such as osteoblasts, chondrocytes, adipocytes, and myoblasts.[@CIT0008]--[@CIT0010]

The immunomodulating and anti-inflammatory properties of MSCs are remaining partially unexplained. MSCs express a moderate level of proteins of the main histocompatibility complex of the first class (MHC I) but do not express MHC II proteins.[@CIT0011] This phenotype is considered non-immunogenic, which suggests that such a transplant to the allogenic host will not require the use of immunosuppressants. Moreover, several studies show that MSCs have immunosuppressive properties by modulating the functioning of specific T cells in vitro.[@CIT0012] Some of these observations were made in vivo. It was shown an experimental model of graft-versus-host disease.[@CIT0013]

MSCs, existing almost in all vascular tissues, have an important role in regulation mechanisms of chronic inflammation.[@CIT0014] Chronic inflammation, unsolved problems in our modern society, accompanies different conditions, such as II type diabetes, atherosclerosis, obesity, cancer, neurodegenerative diseases so on.[@CIT0015]--[@CIT0019] A variety of mediators are believed to be responsible for the immunomodulatory ability of MSCs, such as transforming growth factor (TGF) -β, indolamine 2, 3-dioxygenase, inducible nitric oxide synthase (iNOS) and prostaglandin E2.[@CIT0020] These possibilities suggest great therapeutic potential for MSCs. Recently, several studies have reported that MSCs can alleviate liver fibrosis and promote liver regeneration.[@CIT0021] Whether MSCs can effectively reduce the level of pro-inflammatory cytokines and have an immunoregulatory effect in chronic inflammation on the model of carrageenan myositis remains unclear.

Tumor Necrosis Factor-Alpha (α-TNF) {#S0001-S2001}
-----------------------------------

α-TNF is an inflammatory protein that is secreted by monocytes/macrophages, T-cells, smooth muscle cells, adipocytes, and fibroblasts and is responsible for signaling events leading to either apoptosis or necrosis. It also has an important role in developing resistance to cancer and infections. α-TNF provides a wide spectrum of cellular responses including regulation of inflammation, immune response, cell survival, proliferation and apoptosis. In 1975, it was shown in experiments that after stimulation of the reticuloendothelial system in animals, a protein called the tumor necrosis factor was released into the circulation. This protein could cause necrotic regression of certain tumors.[@CIT0022],[@CIT0023]

All known effects of α-TNF are mediated by two types of receptors. They are designated as TNFR1 and TNFR2. Binding with different receptors can either trigger similar or different responses. TNFR1 and TNFR2 have extracellular and intracellular ligand-binding.[@CIT0024]

Extracellular domains are members of the nerve growth factor/TNF receptor gene family. Intracellular domains do not have similar sequences and therefore activate different signal transmission paths. This may explain how activation of TNFR1 or TNFR2 causes similar or different effects. The key role in α-TNF signal transduction is believed to belong to the transcription factor NF-κB. The stimuli that induce α-TNF production include bacterial toxins, infections, injury, antigen-antibody complexes and diverse environmental factors. According to numerous scientific studies, serum α-TNF levels are elevated in both acute and chronic inflammation.[@CIT0025]

Interleukin-6 (IL-6) {#S0001-S2002}
--------------------

IL-6 is a polypeptide with various regulatory functions concerning inflammation, the immune system and blood formation. Until 1989, various studies were conducted that described several molecules with different functions, such as the ability to stimulate B cells to differentiate into cells producing antibodies or to stimulate the production of acute-phase protein in the liver. After the identity of these molecules was established, a new name was proposed IL-6.

IL-6 is produced in response to tissue damage or infections primarily by monocytes and lymphocytes, but can also be produced by other cells.

In the case of an infectious process, the stimulation of the production of IL-6 occurs by binding to macrophage and monocyte pathogen-recognition receptors (PRRs). This leads to the activation of many pathways, including NF-kb and consequently to increasing of mRNA transcription which leads to releasing of inflammatory cytokines.

In the case of tissue injury damage-associated molecular patterns (DAMPs) are released.DAMPs from dying or damaged cells contain several molecules that stimulate IL-6 production.[@CIT0023]

After the production in the initial site of inflammation IL-6 it moves to the bloodstream and reaches the liver.[@CIT0026]

It causes rapid induction of C-reactive protein (CRP), serum amyloid A (SAA), fibrinogen, haptoglobin, and α1-antichymotrypsin. Simultaneously, IL-6 diminishes the production of transferrin, fibronectin, and albumin. Also, IL-6 causes a decrease in iron and zinc in the blood, stimulates megakaryocytes in the bone marrow. With the help of this cytokine, immunocompetent cells are differentiated.

C-Reactive Protein (CRP) {#S0001-S2003}
------------------------

CRP is one of the acute phase proteins. It was first isolated in 1930 when studying the serum of patients suffering from pneumococcal infection. Its name comes from the ability to react with the capsular lipopolysaccharide of pneumococcus.

CRP is synthesized mainly in hepatocytes in response to increased levels of proinflammatory cytokines, mainly IL-6 and to a lesser extent interleukin−1(IL-1) and TNFα. In addition to hepatocytes, CRP can be produced by smooth muscle cells, endothelial cells, macrophages, lymphocytes and adipocytes.

It is synthesized in the form of a homopentamer and in the foci of inflammation irreversibly dissociates into monomers.

The level of CRP rises with rheumatic diseases, bacterial infections, cardiovascular diseases and other inflammatory processes.

CRP is mainly regarded as a marker of inflammation. However, it plays an important role in the regulation of the immune response. The main role of CRP in inflammation is to activate the C1q component of the complement system, followed by the opsonization of pathogens. Therefore, CRP demonstrates protective action against bacterial infections.[@CIT0027]

Given the correlation between the levels of the aforementioned markers and the intensity of inflammation, it was decided to use them to evaluate the effect of mesenchymal stem cells on chronic inflammation in the experiment.

Materials and Methods {#S0002}
=====================

Our experiment was obtained with 132 adult male laboratory rats (200--220g of weight, 4--5-month in age) in the vivarium of Kharkiv National Medical University. The study was carried out following the national "General Ethical Principles for Animal Research" (Ukraine, 2001), the "European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes" (Strasbourg, 18.03.1986p.). Also, the Declaration of Helsinki, adopted by the General Assembly of the World Medical Association (1964--2000), the charter of the Ukrainian Association for Bioethics and GLP (1992). Animals were randomly divided into 22 groups with 6 animals in every group - the minimum, acceptable for statistical processing and obtaining reliable results conventional number of animals, as well as the minimum sufficient to achieve the goal and the objectives of the study, the number of experimental groups. Animals were sacrificed by inhalation of high concentrations of carbon dioxide (CO2) followed by decapitation. Laboratory animals were kept in separate cages, 6 rats in every cage at room temperature 21±2ºC, 45--50% humidity, 12h/12h light/dark day cycle, with 24 hours access to food and water. Kharkiv National Medical University Ethics Committee approved our study (Order № 370 dated "06" September 2017 Form B-5). The study was performed with minimal psychological loss from experimental animals.

Obtaining MSCs {#S0002-S2001}
--------------

MSCs were isolated from the bone marrow of the femur of rats by the standard procedure.[@CIT0028]--[@CIT0031] Under sterile conditions, the bone marrow was removed from the epiphyses of the rat's femur, then it was washed with a solution of Hanks (Biowest, France). The cells were centrifuged to precipitate them (1000 rpms for 10 min). Mononuclear cells were isolated by centrifugation in a Ficoll-Hypaque gradient (density of 1.077 g/mL) (Sigma, USA) at 400g for 25 min and washed twice with Hanks solution (Biowest, France). After that, the cells were resuspended in saline at a concentration of 1.0 x 106 in 1 mL.[@CIT0032],[@CIT0033] We counted the total number of live cells in a hemocytometer by staining with a 0.2% trypan blue solution (Janssen Chemica, Belgium). The structure of MSCs was investigated with a phase-contrast microscope; we studied cell cycles by flow cytometry. The phenotype of MSCs was studied by using immunocytochemical methods.

Primary cultured MSC were oval, spindle-shaped or polygonal, and adhered to a plastic surface within 24 h and reached 90% confluence within eight days. After purification and proliferation, they were uniformly long spindle-shaped forms and passed every five days. The adhesion rate within 24 hours was all. The flow cytometry showed 80% cells of the fourth generation of MSC were at the G0 phase. Immunocytochemistry showed MSC were positive for CD29, CD105, CD166, VLA-4, and P-selectin, while negative for CD34 and CD45.

Induction of Carrageenan Inflammation {#S0002-S2002}
-------------------------------------

Chronic inflammation was caused by an intramuscular injection into the right thigh of a rat with 0.1 mL of a 10% solution of λ-carrageenan (Sigma-Aldrich GmbH), equivalent to 10 mg of the active substance.[@CIT0034],[@CIT0035] For each animal was used a sterile 1cc syringe with a 27-G needle attached with 100 μL of carrageenan.[@CIT0036] The substance for injections was a gel and it required not rapid but slow injection during 10--11 seconds.

To avoid pained stress for animals, all injections were carried out under sufficient isoflurane anesthesia.[@CIT0037]

Experiment and Plasma Collection {#S0002-S2003}
--------------------------------

There were 60 rats with edema in the right hip due to injection of λ-carrageenan intramuscularly, 60 rats were simultaneously injected not only with carrageenan but, also, with the suspension of MSCs in the experiment. Control group consisted of 6 intact rats without any interventions, and 6 rats, administered MSCs without causing inflammation.

The concentration of MSCs was 2 million cells in 0.4 mL for every animal. There were 10 terms in the experiment. For every term, 6 rats with carrageenan inflammation and 6 rats with inflammation plus MSCs were analyzed. Anesthetized animals were sacrificed after 6 hours, on the 1st day, the 2nd day, the 3rd day, the 5th day, the 7th day, the 10th day, the 14th day, the 21st day, the 28th day. Blood samples were obtained by cardiac puncture and collected into sterile tubes. The blood clot appeared in 25--30 min after that tubes were placed into a centrifuge and processed at 3000 rpm for 10 min. Plasma was obtained and sent to a deep freezer (−20 ºC) until analysis was performed - after the 28th day of the experiment.

Determination of α-TNF, IL-6, and CRP {#S0002-S2004}
-------------------------------------

Plasma levels of α-TNF, IL-6 and CRP were measured with Enzyme-Linked Immunosorbent Assay kit (Sigma-Aldrich GmbH), for the quantitative measurement of target markers in biological liquids. We used The Rat TNF-α ELISA, The Rat IL-6 ELISA, The Rat CRP (C-Reactive Protein) ELISA kits.

Statistical Analysis {#S0002-S2005}
--------------------

All calculations were performed with Statistica (data analysis software system), version 13. We use a one-way ANOVA test for comparison, Turkey post hoc test for α-TNF. IL-6 and CRP profiles for all terms and groups, where p \< 0.05 was accepted as statistically significant.

Results {#S0003}
=======

Increased α-TNF in the inflammation groups and decreased level of α-TNF in inflammation plus MSCs groups.

There was a significant difference in the level of α-TNF in all inflammation groups compared to control (P=0,0 - P=0,037). The bar chart ([Figure 1](#F0001){ref-type="fig"}) indicates that α-TNF in the inflammation groups steadily grow from 6 hours to 3rd day, then dropped gradually by the 21st day with a slight increase in the 28th day. Besides, the differences were significant in the level of α-TNF in all inflammation plus MSCs groups compared to control (P=0,0 - P=0,037) and compared to control plus MSCs group (P=0,0). Furthermore, α-TNF was significantly lower in groups myositis with MSCs between 14th day and 28 days in comparison with the control and the control plus MSCs. Moreover, the curve for inflammation with MSCs groups is flatter than the inflammation group curve. The level of α-TNF was significantly lower for the group of inflammation plus MSCs in comparison with the usual course of inflammation in the same term.Figure 1The levels of α-TNF for groups with the ordinary course of inflammation and inflammation on the background of MSCs. Data are represented as means ± SEM of 6 animals for each group. (One-way ANOVA and Tukey-Kramer multiple comparisons test, p\<0.05).

According to our statistical analysis, we can see that a statistically significant increase of IL-6 compared to intact control was between 6 hours and 5th day in the inflammation groups (P=0,0 - P=0,038) ([Figure 2](#F0002){ref-type="fig"}). On the 7th day and 28th day where the level of IL-6 was the same as in the control group (P=1,0), there was a slight decrease of IL-6 in the 10th day, 14 and 21 days (P=0,0 - P=0,031) in contrast to control. We got a wave-like curve for the course of inflammation in groups of myositis plus MSCs with a downward trend. But the main feature of the [Figure 2](#F0002){ref-type="fig"} is dramatically dropping of IL-6 for the group of inflammation plus MSCs in comparison with the usual course of inflammation in the same term (P=0,0).Figure 2The levels of IL-6 for groups with the ordinary course of inflammation and inflammation on the background of MSCs. Data are represented as means ± SEM of 6 animals for each group. (One-way ANOVA and Tukey-Kramer multiple comparisons test, p\<0.05).

Measurement of CRP showed that inflammation plus MSCs group has drastically lower plasma levels of this protein in contrast to the carrageenan myositis group from the 1st day till the end of the experiment (P=0,0) ([Figure 3](#F0003){ref-type="fig"}). Furthermore, there was a slight decrease in CRP level in carrageenan plus MSCs groups between 6hours and 3rd day with dropping in the 5th day compared to control. Since 7th day, a more pronounced decline of the curve was supervised.Figure 3The levels of CRP for groups with the ordinary course of inflammation and inflammation on the background of MSCs. Data are represented as means ± SEM of 6 animals for each group. (One-way ANOVA and Tukey-Kramer multiple comparisons test, p\<0.05).

Also, we have noticed the same trends for all 3 figures. The levels of α-TNF, IL-6, CRP were significantly lower for the group of inflammation plus MSCs in comparison with the usual course of inflammation in the same term (P=0,0). Moreover, the level of inflammatory markers was noticeably higher in the intact control group compared to group MSCs without inflammation.

Therapeutic Benefits of MSCs in Clinic {#S0003-S2001}
--------------------------------------

Мany chronic intractable inflammatory diseases (rheumatoid arthritis, psoriasis, ankylosing spondylitis, juvenile arthritis, inflammatory bowel diseases) are pathogenetically associated with elevated levels of proinflammatory cytokines, in particular alpha TNF and interleukin 6. Adalimumab (monoclonal anti-TNF antibodies) and tocilizumab (antibodies to IL 6 receptor) are used to treat these diseases. The ability of mesenchymal stem cells to lower the levels of these pro-inflammatory cytokines may be used in the treatment of these diseases as an adjunct to monoclonal antibody therapy or as monotherapy.

Discussion {#S0004}
==========

It is well known that many chronic inflammatory conditions are accompanied by increased levels of pro-inflammatory cytokines. There are several therapeutic options to lower their levels. Among them are monoclonal antibodies and cytokine receptor blockers, immunosuppressants and non-steroidal anti-inflammatory drugs. None of these medicines are completely safe and effective. Therefore, there is still a need to develop new approaches that can target other pathogenetic mechanisms.

One such approach may be to use MSCs to influence the production of pro-inflammatory cytokines in areas of inflammation or tissue damage. It is well known that MSCs can interact with immune cells of both innate and adaptive immune systems. This interaction is mediated by the secretion of numerous biologically active compounds such as cytokines, chemokines and growth factors.

The main reason for our study was to evaluate changes in proinflammatory cytokines profile throughout the carrageenan-induced inflammation. According to our study, the use of bone marrow-derived MSCs in the focus of chronic inflammation led to a significant decrease in the pro-inflammatory cytokines such as IL-6, TNFα, and CRP in animal plasma of the inflammation plus MSCs group. This decrease was statistically significant in comparison to the inflammation group. The results could be explained taking into account the immunosuppressive properties of MSCs. MSCs can interact with many types of immune cells, including B cells, T cells, dendritic cells (DC), natural killer cells (NK), neutrophils and macrophages.[@CIT0038] It was shown that the interaction mechanisms are based on intercellular contact, working in collaboration with the secretion of soluble immune factors to induce MSC-regulated immunosuppression.[@CIT0039] These specific modulators, including many immunomodulatory factors, cytokines, and growth factors, modulate inflammatory responses and balance immune profiles. MSCs also can regulate the inflammatory process and repair damaged cells and tissues by attaching to sites of inflammation.[@CIT0040] The integration of MSC with inflammatory processes can both strengthen and inhibit the immune response and depends on the general state of the immune system.[@CIT0041] Interestingly, MSCs modulate immunosuppression only when they are initially stimulated by inflammatory cytokines, such as tumor necrosis factor (TNF) and interleukin- (IL-) 1.[@CIT0042] MSCs not only respond to inflammatory cytokines but also produce immunoregulatory secretors that mediate the inflammation process.[@CIT0043],[@CIT0044]

It is important to note that despite the usage of allogeneic bone marrow-derived MSCs there was a significant decrease in IL-6, TNF-α and CRP in plasma of animals of the control plus MSCs group compared to the control group. It can be explained by the immunomodulatory capability of MSCs.[@CIT0045] Such a substantial decrease in proinflammatory cytokines could be the evidence of non- immunogenic properties of allogeneic MSCs. This fact may be important in such cases where harvesting autologous MSCs is impossible.

Even though an understanding of the mechanisms of MSC-based immunomodulation remains incomplete, the growing number of evidences are encouraging for further investigations of MSCs properties and putting them into practice.[@CIT0046] This can help develop pathogenetic treatments for chronic inflammatory and autoimmune diseases that will not have side effects, such as those associated with non-steroidal anti-inflammatory drugs, immunosuppressants, and monoclonal antibodies against inflammatory cytokines.

Conclusions {#S0005}
===========

In the experiment in 132 rats, the immunomodulating and anti-inflammatory abilities of MSCs were reliably shown by significantly reducing the plasma levels of α-TNF, IL-6 and CRP in groups with local administration of MSCs to the affected area. Also, no hypersensitivity reactions or rejection were observed due to the use of allogeneic MSCs. Further additional researchers should be conducted to study not only the local effects of MSCs on the course of inflammation but also the systemic administration of MSCs. Further studies of MSCs and implementing into clinical practice will allow to treat a variety of diseases associated with chronic inflammation at a pathogenetic level and to provide their reliable prevention to reduce disability and premature mortality.
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